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Solid oxide fuel cells are in the process of reaching maturity as an energy generation 
technology, but a number of technical challenges exist, namely mechanical and 
chemical resilience, that hinder the realization of their full potential and widespread 
deployment. As more research and development work has been performed on 
intermediate temperature SOFCs based on gadolinium doped ceria, there persists a 
number of gaps in the understanding of the behavior of these devices. The mechanical 
properties of component material and SOFC structures in non-ambient conditions, the 
nature and degree of damage caused by sulfurized hydrocarbon fuels, and the 
potential for leveraging produced thermal energy are not satisfactorily characterized 
for GDC-based SOFCs. Mechanical testing of porous GDC and anode supported 
SOFC coupons from room temperature to 650°C was performed in air and reducing 
conditions using a test system designed and built for this application. Spherical 
  
porosity was determined to result in the higher strength compared to other pore 
geometries and a positive linear dependence between temperature and strength was 
determined for SOFC coupons. Additionally, placing the electrolyte layer in 
compressive stress resulted in higher strengths. Standard SOFCs were operated while 
exposed to hydrogen and methane containing ppm level hydrogen sulfide 
concentration. An infiltration technique was used to deposit a fine layer of GDC on 
the inner surfaces of some cell anodes, and the results of sulfur expose was compared 
between infiltrated and unmodified cells. GDC infiltration allowed cells to operate 
stably for hundreds of hours on sulfurized fuel while unmodified cells were fatally 
damaged in less than two days. A primary and a resulting secondary degradation 
mechanism were identified and associated with sulfur and carbon respectively 
through surface analysis. A novel technique for measuring thermal power output of 
small-scale SOFCs operating on a variety of fuels was developed and used to evaluate 
electrical and thermal outputs while operating on simulated anaerobic digester biogas. 
These findings were used to propose a multi-utility generation system centered on a 
nominal 10 kW SOFC unit fed by anaerobic digesters and capable of producing clean 
water and electricity for 50 individuals through direct contact membrane distillation 
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This dissertation, “Evaluation and Improvement of Mechanical and Chemical 
Resilience of Intermediate-Temperature Solid Oxide Fuel Cell Anodes”, is based 
upon three avenues of inquiry to better understand and/or improve the function of 
ceria-based solid oxide fuel cell anodes. It has been written to fulfill the graduation 
requirement of the Ph.D. Program in the Materials Science and Engineering 
Department of the A. James Clark School of Engineering at the University of 
Maryland. The research and writing of this dissertation began in November, 2012 and 
lasted through October, 2017. 
The various research projects reported on in this work were undertaken using grants 
from a number of funding sources. These include the National Energy Transportation 
Laboratory, ARPA-E, The Electrochemical Society, and the Maryland Industrial 
Partnerships Program with Redox Power Systems as a partner. 
I hope this work will serve as a step toward further research and development of solid 
oxide fuel cell technology and that it is a useful addition to field. 
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The invention of the first widely practical steam engines by James Watt in 1781 
marked the beginning of the industrial revolution and the transition from human and 
animal power to mechanical and eventually electrical power as the predominant 
method of operating technology. Incredible engineering and scientific advances have 
been made in the two hundred and thirty odd years since Watt received his patent, but 
in many respects we have yet to graduate from being a steam-driven civilization. 
Carnot cycle heat engines supplied by the burning of coal, oil, or natural gas still 
dominate the electricity generation sector, and even nuclear power is reliant on how 
efficiently we can design steam turbines to capture heat energy. This process is a 
legacy of the time before electricity became the dominant energy carrier. The 
electrical dynamo was developed to be compatible with existing mechanical 
technology, but it is a roundabout method of generating electricity from fuels. 
Ultimately, a truly sustainable source of electricity generation must be developed to 
stave off serious changes to the climate and to prevent conflict over dwindling energy 
resources. Solar, wind, and wave energy are the likely candidates for this sustainable 
future. In the past decade, these “alternative” energy sources have begun to reach 
economic parity with traditional fossil fuels, and in some specific regions, surpassed 
them. This transition will likely happen, but given vested political interests and the 





In the short term, efforts should be made to optimize electricity generation from fossil 
fuels as much as possible. By increasing efficiency of generation processes and 
developing new and improved techniques and devices, the transition to fully 
sustainable electricity production will be eased. 
An examination of the major steps in the process of burning fossil fuels to generate 
electricity shows immediate potential for significant improvements in efficiency. 
First, the chemical energy stored in the atomic bonds of molecules is released through 
the combustion reaction. This is the conversion of chemical energy to heat energy. 
This heat is then transferred to water to generate steam through the liquid-vapor phase 
change. The expansion of the steam drives a turbine and thus heat energy becomes 
mechanical motion. Finally, the spinning turbine drives a dynamo which uses a 
magnet spinning inside a nest of conductive wire. The rotating magnetic field induces 
an electrical current in the wire, completing the energy conversion path. 
In total, there are four steps between the stored chemical energy in the fuel and the 
resulting electricity that is generated. In each of these steps, there are unrecoverable 
losses of energy that contribute to fairly poor overall process efficiency. A more 
succinct view of this issue is that the process of using heat energy to generate work is 
limited by Carnot efficiency in addition to some amount of lost heat and frictional 
losses in any moving parts. Due to these losses and limits, it is very attractive to move 






All chemical reactions occur through the interaction of the electrons of atoms. 
Barring the noble gasses, every element will give, take, or share electrons with other 
elements and form molecules as long as conditions are right. One of the simplest 
reactions is the oxidation of hydrogen, where diatomic H2 breaks apart and bonds 
with an oxygen ion (O2-) to form water, or H2O. In this reaction, two electrons are 
exchanged, and all the atoms reach a neutral charge. This reaction is exothermic, so 
heat is released to the surroundings when the reaction occurs. To generate electricity, 
the heat from the reaction could be used to drive a heat engine with all the efficiency 
losses inherent to the process. However, if the two electrons that are exchanged 
during the reaction could be harnessed, many of the limitations of the heat engine are 
bypassed. 
Solid oxide fuel cells (SOFC) operate on this basic principle of capturing electrons 
exchanged during a chemical reaction. Fundamentally, an oxygen ion is transported 
across a solid, electronically insulating layer so that it may react with other atoms or 
molecules. To enable this action, fuel cells are often composed of layers of different 
and multifunctioning materials. Therefore, very in-depth materials development and 
engineering is involved in the creation of these devices. 
Ionic conduction is the core phenomenon that allows these devices to function. 
Significant solid state ionic conductivity was well established scientifically by the 
1930s but only in recent decades have materials been developed that allow practical 
use on ionic conductors for power generation[1]. Yttrium stabilized zirconia was the 





SOFC[1]. This material and variants have been the center of SOFC research and 
development for many years, but the high temperature necessary for good 
conductivity has limited its practical application[2], [3]. For this reason, other ion 
conducting materials have received research attention, resulting in a number of 
alternative SOFC chemistries[4]–[6]. In addition, variations in the physical design 
and construction of cells, particularly planar configurations, have improved device 
performance considerably[3]. By building on recent advancements in material 
properties and device design, there is great potential for SOFCs to be a key 
technology in the energy sector and as a gateway to a fully diversified renewable 
energy future. 
The goal of this work is to accurately characterize and improve the resilience, both 
mechanical and chemical, of gadolinium doped ceria based SOFCs with an emphasis 
on moving the technology toward widespread use. In particular, challenges from 
sulfur contamination of cell anodes and cracking caused by sealing stress are 
addressed. Additionally, the suitability of SOFCs as a technology for providing basic 











Chapter 2: Solid Oxide Fuel Cells 
 
2.1. Operating Principles 
Solid oxide fuel cells are distinguished by the use of a ceramic electrolyte layer and 
the conduction of oxygen ions as the internal charge carrier of the device. SOFCs, 
like all fuel cells, consist of three primary components: a cathode, an electrolyte, and 
an anode. In the case of SOFCs, the cathode serves to promote oxygen reduction 
(Equation 1) and incorporation of oxygen ions into an oxygen conducting ceramic 
material.  
  +   →   ( 1 ) 
This oxygen conducting material forms the electrolyte layer of the cell and facilitates 
transport of the oxygen ions to the anode side of the cell. Once oxygen ions reach the 
anode, they react with the fuel species and electrons are sent through external circuit 






Figure 1: SOFC concept schematic with reaction 
A key feature of the anode and cathode is the Triple Phase Boundary (TPB) (Figure 
2). The TPB is the one dimensional interface between the ion conducting ceramic, the 
electronic conducting, typically metallic catalyst, and the gas present in the electrode 
pores. The electrochemical reaction cannot proceed without all three of these phases 
present. Because of the positive correlation between TPB length and activity in the 






Figure 2: Anode triple phase boundary reactions 
The work that can be performed by a SOFC is limited by the change in the Gibbs free 
energy of the electrochemical reaction that occurs at the cell. This is affected by both 
the cell temperature and the pressure of the gasses at the cell. 
 =  ∆ =  − ( 2 ) 
Equation 1 relates the free energy to the ideal cell potential, E. n represents the 
number of electrons in the electrochemical reaction and F is Faraday’s constant. The 
change in free energy can also be expressed as:  
∆ =  ∆ +   
 

 ( 3 ) 
Where fA is the fugacity of reactant A. Using Equation 2 and Equation 3 leads to the 
general form of the Nernst equation[7]–[9]. 
 =   +   
 






This equation yields the Nernst potential which is the maximum open circuit potential 
the cell can have. This maximum potential is used in calculating the cell efficiency. 
Efficiency is the ratio of useful energy to total energy. It has been calculated that an 
ideal fuel cell operating under ideal condition can have a maximum thermal 
efficiency of 0.83[7]. The standard method for expressing cell efficiency is: 
 =  . !"×$%&'%()*%  ( 5 ) 
This definition assumes complete utilization of fuel which will not occur in reality. 
Therefore, this efficiency must be multiplied by the fuel utilization fraction[7]. 
The Nernst potential of a SOFC is driven by the difference in oxygen partial pressure 
(pO2) between the two sides of the electrolyte. For the cell to function, preserving this 
chemical gradient is essential and any pathway for oxygen that is not ionic 
conduction through the electrolyte is in effect a chemical short circuit that will harm 
the device’s function. 
 
2.2. Device Chemistries 
2.2.1. Yttrium Stabilized Zirconia 
The inclusion of elements with a different valence state to zirconium oxide was found 
to increase the oxygen vacancy concentration in the zirconia crystal[Wagner, 1943]. 
As oxygen vacancies are the pathway for ionic transport in oxides, doping with an 





addition to conductivity improvement, the addition of elements that form cubic 
structure oxides helps to stabilize the zirconia crystal structure at high temperatures. 
This is key for device applications due to the significant volume change that 
accompanies the monoclinic-tetragonal phase change of pure zirconia in the 1000°C 
regime[8]. Sufficient addition of yttrium cations causes and preserves a stable cubic 
phase at these temperatures and prevents strain related mechanical failure. 
Yttrium stabilized zirconia (YSZ) based SOFCs are conventionally electrolyte 
supported with relatively thin electrode layers. Nickel is the most commonly used 
anode catalyst, in the form of nickel-YSZ cermet. Perovskite lanthanum manganese 
oxide doped with strontium (LSM) serves as the cathode material due to its good 
ability to catalyze the oxygen reduction reaction[7]. YSZ must be above 800°C for 
sufficiently high ionic conductivity to be useful in a fuel cell[10], [11]. The high 
temperatures required for these devices to operate can make system design difficult as 
few engineering materials have desirable properties under these conditions. A large 
amount of insulation is also needed to maintain operating temperature. YSZ is quite 
mechanically strong however, and is easy to synthesize and process[10]. 
2.2.2. Gadolinium Doped Ceria 
Cerium oxide possesses a fluorite structure similar to that of zirconia. Trivalent 
dopants, when added to the ceria lattice will increase the oxygen vacancies in the 
crystal and therefore improve the oxygen ion conductivity[12]. Doped ceria possesses 
some advantages over zirconia for use in oxygen transport applications. The ionic 





sufficiently high for SOFC application. Gadolinium is the preferred trivalent dopant 
for this application of ceria as its ionic radius results in a minimum binding energy for 
defect clusters in the cerium lattice[5]. Gadolinium dope ceria (GDC) is the focus of 
much of the current research and development efforts for SOFCs operating in the 
intermediate temperature range. GDC based SOFCs typically use lanthanum 
strontium cobalt ferrite, LaxSr1-xCoyFe1-yO3-δ, (LSCF) as a cathode material[13], [14]. 
By moving out of the temperature range of YSZ cells, GDC based SOFC systems can 
make use of low cost and reliable metal components for much of the surrounding 
system architecture. This makes their widespread deployment more likely and as such 
will be the focus of this work. 
2.2.3. Bismuth Oxide 
Bismuth oxide (Bi2O3) is a more recent focus of materials development for SOFC 
electrolytes. The bismuth oxide crystal contains two intrinsic oxygen vacancies per 
unit cell[15]. This makes it a very desirable candidate for SOFC electrolytes because 
no dopants are necessary to create vacancies for transport. However, to maximize the 
ion transport pathways, the crystal must be in the cubic phase. The maximized 
symmetry of this phase means that there are more potential oxygen lattice sites for ion 
movement. The oxygen lattice in the cubic phase is disordered at higher temperatures. 
This phenomenon is a key reason for the high ionic conductivity of this material. At 
the lower temperatures that are the current focus of SOFC research, bismuth oxide 






Doping of the bismuth oxide crystal with rare earth elements, primarily erbium, has 
shown promising results for stabilizing the lattice disorder down below the pure 
bismuth oxide phase change temperature. Continuing from this discovery, an 
expanded range of cation dopants and double doping schemes have been investigated 
to improve stability and performance of this material[16], [17]. 
To be used as an electrolyte material for SOFCs, bismuth oxide must be paired with 
another ionically conductive ceramic in a bilayer configuration. Bismuth oxide is not 
stable at the oxygen partial pressure range present at the cell anode and will 
decompose if exposed. By using a layer of GDC to shield from the fuel side, an 
overall lower electrolyte resistance can be achieved. 
 
2.3. Stack Design 
The most common configuration for SOFC systems comprised of multiple cells is the 
SOFC stack. The stack is a sandwich structure containing planar SOFCs and metallic 
interconnect layers that double as gas transport manifolds[18]. Figure 3 shows a 






Figure 3: Cross-section diagram of 5-cell SOFC stack 
 
The stack is compressed using electrically insulated bolts spanning the full height of 
the structure. The compression ensures good electrical contact between the metal 
interconnects and the SOFC electrodes. The gas environments at the anodes and 
cathodes of each cell are isolated by the compressed mica sealing sheets layered 
around each cell. When pressed between the interconnects, these layers form a gas-
tight seal and prevent mixing of the fuel species and air. It is critical to isolate these 
two atmospheres to prevent both loss of performance caused by chemical short 
circuits, and uncontrolled combustion of fuel which could damage or destroy the 
stack and nearby components. 
The conditions that will be experienced by the cell are largely determined by the 
design of the stack they are placed into. For this reason, research and development 
efforts for this technology must address the specific design and composition of 
SOFCs, as well as the impact of design decisions made for the components that will 





and SOFC mechanical strength. Placing the stack under greater pressure will improve 
the gas seals, but also increase the chance of a SOFC fracturing. Only by fully 
understanding the safe limits of these variables can an informed and high quality 
system design be developed. 
 





Chapter 3: Ionic Transport and Electrochemical Impedance 
Spectroscopy 
 
3.1. Phenomenon of Impedance 
Impedance is an electrical phenomenon comprised of the resistance, inductance and 
capacitance of a circuit. While typically applied to electrical circuits, the general 
concept of impedance applies to any system involving the movement of charge 
carriers. Resistance is the simplest of the components of impedance and is defined by 
Ohm’s law as the ratio of voltage to current in a simple direct current circuit. 
 =  $+  ( 6 ) 
Inductance and capacitance are slightly more complex phenomenon that arise when 
alternating current is used. Inductance is caused by the magnetic field created by 
current flow in a conductor. This field then in turn induces a current in the opposite 
direction to the original. Inductance will be present whenever there is a change in the 
magnetic field associated with current flow[19]. Capacitance is the accumulation of 
opposite charges on two sides of a circuit element. In a DC circuit, this charge 
buildup will continue until the dielectric separating the charges is overcome by the 
localized potential. However, in an AC circuit the behavior will vary depending on 
the frequency. At very low frequencies, elements with capacitance will behave 
similar to the DC case. At higher frequencies, the current direction will switch before 
the dielectric is overcome and the accumulated charge will dissipate before 





means that the impact of capacitance on the total impedance will decrease as 
frequency increases[19]. This has powerful implications for the characterization of 
electrochemical devices and will be addressed in Section 3.3[20], [21]. 
 
3.2. Charge Movement in Solids 
A solid oxide fuel cell may be viewed as an electrical circuit involving both electrons 
and ions as the means of current. Half of the circuit is the external electrical 
conductor where whatever desired external load may be placed and electrons 
comprise the current. The other half is the cell itself where electrons combine with 
molecular oxygen to form oxygen ions in the cathode layer. These now become the 
vehicles for current until the anode where the fuel oxidizes and electrons are released 
into the electrical conductor. 
The components of the fuel cell can therefore be treated similarly to conventional 
circuit elements and evaluated using the concepts defined in the preceding 
section[22]. In doing so, it is important to understand the differences in charge 
transport between electrical conduction and ionic conduction. Placing the 
mechanisms of ionic transport and formation within the framework of electrical 
theory, a detailed understanding of the activity within the solid state device may be 
achieved. 
The primary difference in conduction between ions and electrons arises from their 





sufficient energy to enter the conduction band of that particular material. Metals 
generally have conduction bands that overlap their valence bands which makes them 
excellent electrical conductors[23]. Electrons are small enough so as to have very 
little spatial impact on the crystal lattice of the material they are moving through. This 
is not the case for ionic motion. Ion radii are of the same order of magnitude as the 
atoms that comprise the crystal lattice. This means that to move from one lattice site 
to the next, the surrounding lattice must actually deform to accommodate the passage. 
The energy required to stretch these interatomic bonds is referred to as the activation 
energy of the ionic conduction and is the reason that most solid ionic conductors 
require elevated temperature to function. 
 
Figure 4: Concept diagram of oxygen ion transport mechanism in GDC 
The concept illustrated in Figure 4 holds true for fluorite structure ceramics. It has 





known as the 32f site, occupied by the oxygen on its way between the 8c sites shown 
above[24]. This type detail is important for understanding the fundamental 
mechanisms at play and the ways in which the conductivity of a sample can change 
over time, but will not be addressed in depth in this work. 
 
3.3. Application to SOFCs 
3.3.1. Relevant Mechanisms 
In both fuel cells and batteries, impedance measurements are one of the primary 
methods for evaluating device performance and diagnosing deficiencies in various 
device components. The term used to describe this measurement of impedance is 
electrochemical impedance spectroscopy, or EIS. In this technique, an AC signal with 
a pre-defined voltage amplitude is applied to the material or device over a frequency 
range typically including 106 Hz to 10-2 Hz. The current response from the sample is 
recorded at each frequency and can be used to calculate each component of 
impedance discussed in Section 3.1. The most commonly used result of this technique 
is the Nyquist plot, in which the imaginary reactance is plotted against the real 
resistance of the sample from high to low frequency[7], [19], [22]. In SOFCs, Nyquist 
plots offer a very efficient method for determining the total cell impedance as well as 






Figure 5: Impedance spectra obtained from GDC/Ni-GDC cell with LSCF-GDC 
cathode 
Figure 5 shows an example of a Nyquist plot from an anode supported GDC SOFC 
with frequency labels. The very high frequency points that rise to meet the Z'-axis are 
an inductance tail and are not meaningful for the mechanisms of interest. As such, 
this data is usually omitted[7], [22], [25], [26]. The intersection with the Z'-axis 
represents the ohmic portion of the impedance and is associated with the ionic 
conductivity of the cell electrolyte. The frequency is sufficiently high to avoid 
capacitive effects and allows the isolation of the ionic resistivity. As the frequency 
decreases, the imaginary component of the impedance becomes relevant and a 
number of arcs form. Each of these arcs represent a mechanism involved in transport 





electrode reaction kinetics, and mass transport in the electrodes[7], [19]. The 
frequency ranges where these phenomena appear often overlap and deconvolution can 
be difficult. The frequency range where the imaginary impedance component is 
present is known as the non-ohmic impedance and includes the kinetics of 
dissociation of reactant species on catalytic surfaces, the incorporation of oxygen ions 
in the cathode, and the mass transport process of reactant molecules to the TPB 
sites[19], [22], [27]. 
There can be other mechanisms present in a fuel cell besides those discussed, such as 
ionic conduction across grain boundaries in some electrolyte materials or charge build 
up between layers in the device. However, in the materials focused on in this work, 
these other phenomena are usually not major factors in cell performance and health. 
3.3.2. Equivalent Circuits 
A method for extracting more quantitative results about a specific component or 
reaction in a fuel cell is to perform a data fit using a theoretical equivalent circuit. 
There are an infinite number of theoretical equivalent circuits that could be built but 
for useful information to be obtained, each element used in the theoretical model 
should represent a real world mechanism within the material or device. The common 
approach to equivalent circuit construction in SOFC EIS measurement is shown in 
Figure 6. The in-series inductor and resistor represent in inductance tail and ohmic 
impedance while each parallel resistor-capacitor pair represents on o the non-ohmic 






Figure 6: Common equivalent circuit used for fitting SOFC impedance spectra 
Once a reasonable equivalent circuit is constructed, the characteristics of each 
element (resistor, inductor, etc.) should be adjusted to closely match the EIS data. 
This fit can then be used to supply specific quantitative values for the time constant, 









Chapter 4: Fundamentals of Brittle Fracture 
 
4.1. Stress in Materials 
Stress is defined as force over an area in an object and uses the unit of pascals where 
1 Pa = 1 N/m. In a simple uniaxial loading case such as Figure 7, the perpendicular 
cross section is the relevant area and the stress is uniform throughout the object.  
 
Figure 7: Pure uniaxial loading concept 
Depending on how the force is applied and the geometry of the object, different 
locations in the object will experience different stress magnitudes. A good example of 
this can be seen in Figure 8, where the horizontal center of the symmetrically 
supported beam is pressed down. The lower edge of the beam experiences a tensile 






Figure 8: Bending stresses in a symmetrically supported beam 
Additionally, the farther one moves from the centerline of the beam, the greater the 
stress magnitude experienced by the material. The plane in the material where the 
compressive and tensile stresses cancel out is known as the neutral plane[28]. 
 






Understanding and predicting stress distributions in an object is a key part of failure 
testing and engineering design. Through determining the stresses that a device or 
component will experience, design geometry and material selection can be made so as 
to lower the chance of mechanical failure. 
 
4.2. Crack Behavior 
Failure of a component, in a mechanical sense, occurs when the geometry of the 
component has changed sufficiently so as to be unable to fulfill the role the 
component was designed for. Depending on the role of the component, mechanical 
failure may mean everything from a deformation of millimeters to catastrophic 
rupture. Failure must therefore be understood through the lens of the design 
specifications of the components in question. 
The geometry of a solid may only change through two fundamental pathways: 
rearranging of constituent atoms or a change in the number of constituent atoms. The 
rearranging of atoms is generally referred to as deformation. Cracking, wear, and 
corrosion are all phenomena that involve the loss of constituent atoms[28], [29]. Of 
these four mechanisms, deformation and cracking are the most directly related to 
mechanical stresses experienced by the object. Materials are considered “ductile” 
when their primary mechanical failure mechanism is deformation, while “brittle” 
materials will crack and fracture before any significant deformation takes place. At 





At the core of fracture is the concept of crack propagation. For an object to fracture, a 
crack must propagate through the object until the object is no longer structurally 
sound. The movement of the crack tip requires some amount of energy which is 
provided by the localized stress at the crack tip. The energy threshold for the crack to 
move is related to the increase in surface energy related to the change of area related 
to the crack[30]. Griffith first described fracture in terms of free energy and 
developed the model of a crack growing as a means to reduce the potential energy 
near the tip. As this happens however, the overall surface energy of the object will 
increase due to increasing total area. This leads to the “critical crack length” concept, 
where once a crack reaches a certain length,  the energy reduction from relieving the 
local stress outweighs the increase in surface energy and it becomes energetically 
favorable for the crack to grow and it proceeds through the object[30].  
Solid oxide fuel cells and other solid state electrochemical devices are primarily 
composed of ceramic materials which are brittle. The theoretical strength of most 
ceramics, based on bond energy between atoms, is far higher than most metals. In 
practice, there are always defects present from manufacturing and/or wear during use. 
These defects allow cracks to form at loading conditions well below where the 
calculated elastic modulus of the material would predict failure[31]. Therefore, brittle 
fracture must be the focus of efforts to study the mechanical properties of these 
devices. 
Various defects and subtle differences exist in engineering materials and play an 





ceramic materials are especially affected by the defects present within them, which 
can vary considerably between seemingly identical components. In order to predict 
failure chance in this case, a statistical model must be employed. In simple terms, this 
entails testing some number of samples and extrapolating information about all 
samples from those findings. Because ceramics generally exhibit a wider range of 
failure loads compared to metals, a larger test set should be used if a high degree of 
confidence is desired. It is common practice to use Weibull statistics for this 
purpose[29]. 
 
4.3. Role of Defects 
The role of defects in the mechanical performance of SOFCs is enormously 
important. Aside from common ceramic defects such as microcracks and internal 
voids, portions of the SOFC intentionally contain structures that can be viewed as 
defects from a fracture mechanics viewpoint. Specifically, the porosity of the 
electrode layers causes the effective strength of those layers to be significantly lower 
than the measured strength of their component materials. As described in Section 2.1, 
SOFC electrodes must contain open porosity for gaseous reactants to be able to move 
to the triple phase boundary reaction sites. Electrodes with higher porosity will have 
improved gas transport ability, but this advantage must be balanced with the losses to 
mechanical strength this entails. The mathematical model developed to describe the 
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Where σf0 is the material’s measured fracture strength when fully dense, ρ is the 
porosity fraction, and n is a fitting parameter[32]. The experimental verification of 
this relationship for the specific materials used in SOFC construction is needed to 
inform design decisions of electrode layers. 
A second source of mechanical failure in SOFCs is the final device geometry. When a 
planar SOFC is fired, the constituent materials of the various layers possess differing 
shrinkage rates. This can either lead to delamination of the layers or to a significant 
deviance from the original planar shape. This camber can be mitigated using 
weighted setter plates during the sintering step, but achieving a perfectly flat cell is 
very difficult. When a stack of cells is compressively sealed, the variance in height of 
the cells will result in internal stresses and fracture if the stress is sufficiently great. 
These two characteristics of anode supported planar SOFCs therefore require that 
both the component materials and the constructed cells be evaluated for mechanical 
strength under both standard and operating conditions. This information is necessary 









Chapter 5:  Experimental Techniques 
 
5.1. SOFC Fabrication 
5.1.1. Tape Casting 
Tape casting is a common method for fabricating technical ceramic objects. 
Subtractive machining is not advisable for ceramic materials due to the high 
likelihood of fracture during the process. Because of this limitation, most engineering 
components composed of ceramic materials must be created in their final shape by 
densifying powder into the desired geometry. In most cases, the shaping of ceramic 
powder is a separate step from the thermal densification and the green component 
must be handled while not actually fused into a single object. Organic binder 
substances are often mixed in with the ceramic powder to improve the cohesion of the 
shaped powder. A plasticizer chemical can also be added to form a composite matrix 
of ceramic powder in an organic matrix. Via heat treatment, the organics and be 
burned out leaving only the ceramic behind in the original shape. Once the ceramic is 
sintered, the finished object retains the shape of the composite.  Given the right 
constituent substances, it is possible to make this composite flexible so that much 
more complex shapes and structures can be created than if densified ceramics were 
the starting pieces[33]. 
Tape casting is a process for creating sheets of ceramic/polymer composite material 
with very consistent dimensions. The tapes created using this method are flexible and 





slurry is a multistep process. The initial slurry is created by mixing the ceramic 
powder or powders into a solvent liquid, typically ethanol, along with a dispersant to 
avoid clumping. Menhaden fish oil is a common and effective dispersant in ethanol 
slurries. Once this mixture has been thoroughly combined via mechanical mixing, the 
secondary ingredients are added. The organics added in this step act as either binders, 
such as polyvinyl buteral, or as plasticizers, such as benzyl butyl phthalate. These 
chemicals ensure that there is good adhesion between the ceramic particles and the 
surrounding mixture and that the final tape is pliable enough to not crack or tear 
easily. Following the addition of the final ingredients, further mechanical mixing is 
done to ensure even dispersion of the slurry components. Ceramic milling media of 
various sizes is often added to help with this mixing. 
Once a slurry is completed, any air trapped in the now quite viscous mixture must be 
removed to avoid bubbles or voids in the final tape. This is accomplished by placing 
the slurry in a low pressure chamber and mixing with a low rpm impeller. Care must 
be taken to avoid excess solvent evaporation during this step to preserve the desired 
viscosity while still removing air. 
To cast the tape, a sloped reservoir with an open bottom and side is placed on a long 
sheet of polymer film. A precision milled steel blade is placed in the open side of the 
reservoir such that a small gap exists between the polymer sheet and the blade. This 
gap is adjusted to the desired thickness of the tape. The polymer sheet is drawn 
between two rollers at a set velocity and the slurry is poured into the reservoir. As the 





measured gap under the blade. This results in a layer of slurry with the width of the 
reservoir and the thickness of the blade height[33]. After exiting the reservoir, the 
tape passes over a warm surface to help it set. After drying for 12-24 hours, the tape 
may be removed from the machine, rolled up, and stored. 
There are a large number of variables involved in successfully creating a tape and the 
parameters used will vary widely depending on the materials used and the end use of 
the created tape. Figure 10 shows a conceptual schematic of the tape casting process. 
 
Figure 10: Tape casting concept schematic [Image credit: Falconieri Visuals] 
 
 
5.1.2. SOFC Construction 
The construction of a finished, lab-scale SOFC is a multistep process. Multiple layers 
of tape cast ceramic/polymer composites, referred to as “tapes” for the remained of 
this document, are layered to build the final structure. Anode support layer (ASL) 
tapes consisting of powdered nickel oxide mixed with GDC powder are used to create 
the foundation of the cell. These tapes are relatively thick compared to the other cell 





support layer. These layers are joined using a Carver 4386 heated hydraulic press 
using a pressure of 2000psi for 30 minutes at 180°F. Once the ASL has been pressed 
together, the joining steps are repeated with the thin anode functional layer (AFL) 
tape and with the 20µm electrolyte tape. The layering of tapes is shown in Figure 11. 
 
Figure 11: Layering of SOFC tapes and resulting structure 
Following these steps, the ASL, AFL, and electrolyte layer are all present and the 
layered tape structure has cooled. A 1.25in steel die is then used to punch out discs 
from this layered tape structure. A pre-sintering process, shown in Figure 12, is used 
to remove the organic components (dispersant, binder, plasticizer, pore-former) from 






Figure 12: SOFC pre-sinter schedule 
The product of the pre-sintering process is green-body half-cells. Lacking the organic 
compounds from the tapes, these green bodies are very fragile and brittle. To sinter 
the green bodies into finished half-cells, a sintering profile composed of ramping at 
5°C/minute to 1450°C with a 4 hour hold at this temperature. Cooling was done at 
5°C/minute. The sintered half-cells are much more mechanically durable and can be 
handled more easily. 
To add the cathode layer, an ink composed of a 50:50 mixture by weight of LSCF and 
GDC10 powder suspended in commercial solution was screen printed to form a 
0.31cm2 circular cathode area centered on the electrolyte side of the disk. The ink was 
dried in a 100°F oven and then fired at 1100°C for 2 hours. The firing of the cathode 





5.1.3. Anode Infiltration 
Attempts at improving performance stability of GDC SOFCs were made by 
modifying the interior surfaces of some cell anodes. The anode pores were infiltrated 
with a GDC precursor solution (Ce0.9Gd0.1O2-δ in DI water, 1M) prepared from 
nitrates of gadolinium and cerium (Alfa Aesar) and fired at 400 °C for 1 hour. The 
infiltration was performed by depositing drops of the solution onto the anode surface 
and then placing the cell into a low pressure chamber to enhance penetration through 
the anode layer by capillary actions. This process was repeated a number of times to 
achieve the desired amount of cerium oxide loading in the cell. Cell weight was 
measured prior to infiltration and after each firing. The target loading was between 3 






5.2. SOFC Electrochemical Testing 
5.2.1. Reactor and System Schematics 
 
Figure 13: Diagram of SOFC button cell test system with reactor 
 
5.2.2. Testing Procedures 
A Solartron CellTest System composed of a 1470E potentiostat and a 1400 frequency 
response analyzer was used for electrochemical measurements. All direct 
electrochemical testing of SOFCs was based on a procedure designed to provide all 
the relevant data on cell performance and health over time. Following the initial 





of the anode to reduce nickel oxide, initial benchmark measurements were taken of 
each cell. Measuring open circuit voltage (OCV), EIS, and a galvanodynamic scan 
provide information on the quality of anode sealing, the area specific resistance 
(ASR), and the current-voltage (I-V) relationship of the cell from which electrical 
power can be calculated. 
To determine the effects of long term operation of SOFCs on various fuel 
compositions, the electrochemical measurement schedule chosen was periodic in 
nature. For the majority of time during this testing scheme, the cell was held a 
galvonostatic condition meant to approximate real world operating conditions. Every 
hour during the long term galvanostatic testing, EIS and I-V scans were taken to 
provide the periodic snapshots of cell health (EIS) and performance (I-V). 
Measurement of the thermal energy produced by the operation of SOFCs involved 
uninterrupted operation at a fixed current. This ensures consistent heat production 
over a long window which in turn allows higher resolution of temperature vs. time 
measurement. Due to this requirement, EIS and I-V measurements were taken at the 
beginning of testing and the galvanostatic voltage response was used as the sole 







5.3. Mechanical Testing Sample Preparation 
Two types of samples were created for mechanical testing experiments. To 
investigate basic material properties and the effects of porosity on strength, 
rectangular bar samples were fabricated using GDC10 powder (fuelcellmaterials, 
#111101). Polymethyl methacrylate (PMMA) spheres or flake graphite were used as a 
sacrificial pore former in some samples to create controlled levels of porosity in some 
of these bars. For investigating the effect of the laminated structure of anode 
supported SOFCs, rectangular sample coupons were cut from tape cast laminates 
identical to those described in Section 5.1. 
The pressed bars were created by placing GDC powder and either PMMA spheres or 
graphite flake into a rectangular steel die press with inner dimensions of 30.3mm by 
10.2mm. The die was placed into a Carver hydraulic press and pressed at 2 metric 
tons for 5 minutes. After removing the pressed bar from the die, the die was cleaned 
of any residual powder and the next bar was pressed. The green-body bars were 
heated to 400°C to remove organics and then fired at 1500°C for 4 hours to sinter the 
GDC. Due to shrinkage from sintering, the final bar dimensions were 22mm x 8mm 
with some small variation through the batch. Any bars with significant warping, 
surface defects, visible cracking, or discoloration were discarded after sintering. The 
porosity targets used in this work were 10%, 30%, 50%, and 70%. The final 
porosities of the bars were measured via the Archimedes method and were typically 
slightly below the target due to densification from sintering. Prior to testing, each bar 
or coupon was measured using precision calipers and the exact dimensions were 





The ASL and half-cell coupons used in the flexural testing were made using tape 
casting at a 700 micron blade height. The tapes were left to dry overnight before 
being cut into 12cm by 12cm squares. Three squares were stacked and hot pressed as 
described in Sub-Section 5.1.2. Following this lamination, the tape was cut into 
rectangular coupons measuring 25mm by 10mm. The coupons were fired at 1400°C 
for 4 hours. For half-cell coupons, a GDC slurry was tape cast with a 40 micron blade 
height. After the lamination of the three ASL layers, a single layer of electrolyte tape 
was laminated to the ASL. The sintering procedure for half-cell coupons was 
identical to the ASL coupons. 
 
5.4. Three-Point Flexural Testing 
Traditional tensile tests, where a sample is secured with clamps and pulled axially 
until failure, are not suitable for testing ceramic materials. Samples are likely to crack 
at the clamping points which make the collection of useful data very difficult. 
Additionally, the fact that fracture in ceramics is strongly influenced by preexisting 
defects means that in a uniaxial tension test, predicting the location of failure is very 
difficult due to the nearly homogenous stress field in the sample. 
The three point bend test is a suitable alternative for obtaining mechanical strength 
data in the case of ceramics. A rectangular bar sample of the material is placed on two 
supports with a fixed span. A load is applied downward in the center of the span at a 





failure) is recorded and used to calculate the flexural stress which caused failure using 
Equation 8, where L, b, and d are sample dimensions length, width, and height. 
, =  !./) ( 8 ) 
 
5.5. Microscopy 
5.5.1. Scanning Electron Microscopy 
Scanning electron microscopy (SEM) was used in this work to analyze multiple 
sample types for a variety of reasons. Energy-dispersive X-ray spectroscopy (EDS) 
was used in conjunction with SEM imaging when investigating chemical 
compositions of surfaces. All SEM images were taken using a Hitachi SU-70 SEM 
with a Bruker XFlash silicon drift EDS detector. 
Samples were not polished or modified using other surface treatments commonly 
used for SEM samples. This decision was made given the importance of viewing the 
surface of samples with as little changed as possible from the testing conditions, 
mechanical or chemical, that they had experienced. However, the lack of surface 
preparation did result in lower quality SEM micrographs in some cases. This did not 
have a significant impact on the findings from the images. 
5.5.2. Transmission Electron Microscopy 
Transmission electron microscopy (TEM) is an applicable technique when specific 





requires the sample being examined to be very thin (20nm - 200nm) so that electrons 
are able to transmit through the material[34]. TEM fills a particular role given its 
ability to resolve features on the same order as atomic lattice distances. This can be 
used to probe features that are glossed over in SEM. 
In this work, TEM was used to more closely examine contaminant build-up on the 
surfaces of sub-micron sized particles of SOFC anode material. The images taken 
were tangential to the curvature of the particles, so as to look through the cross 
section of any present contaminant species. The instrument used in this work was a 
JEM 2100 FE-TEM. 
 
5.6. Surface Analysis 
5.6.1. Raman Spectroscopy 
Raman spectroscopy was employed as a supplementary characterization technique to 
provide additional information about the chemical state of SOFC anodes following 
long term exposure to sulfur containing hydrocarbon fuel. Raman spectroscopy 
makes use of the Raman Effect, wherein a very small fraction of the photons incident 
on a material will inelastically scatter. The energy transferred from or to the light by 
the atoms or molecules is measured by the difference in the wavelength of the 
scattered light from the original source wavelength. The characteristics of this energy 
transfer from a known laser light source allows for both qualitative and quantitative 
analysis of material samples[35]. For most solids, Raman spectroscopy can only 





distance into the bulk of the material. However, this can be preferable if the surface 
chemistry of a sample is the region of interest for measurement. 
 A cell which was operated on only wet hydrogen and air served as a reference. 
Measurements were performed using a Horiba Jobin Yvon LabRam ARAMIS Raman 
microscope with a 532nm laser. The instrument was calibrated with a Si wafer at 
520.7cm-1. All spectra were normalized to the 1030-1280cm-1 region, corresponding 
to the Ni-O band. 
5.6.2. X-Ray Photoelectron Spectroscopy 
Identification of the chemical changes that occur in the anode of SOFCs when 
exposed to and operated on fuels containing damaging chemical species is critical to 
developing methods for preventing or mitigating harmful effects. X-ray photoelectron 
spectroscopy (XPS) is a surface analysis technique where the surface of a sample is 
bombarded by x-rays while the number and kinetic energy of the emitted electrons is 
measured. The kinetic energy of the electrons gives the binding energy, and different 
chemical species have unique spectra of emission peaks at various binding energies. 
The fact that the measured spectra correspond to the electronic state of an atom means 
that a large amount of information including concentration and charge state of the 
surface (~10nm depth) can be gathered[36]. 
XPS measurements were performed in a Kratos Axis 165 X-ray photoelectron 
spectrometer, with a monochromatic aluminum X-ray source operating at 1400 keV. 





anode of a cell which was operated on only wet hydrogen and air served as a 





Chapter 6:  Multi-Environment Mechanical Behavior of Porous 
Ceria and Ceria-Based SOFCs 
 
6.1. Study Rationale 
Commercial deployment of solid oxide fuel cells requires the development of 
effective manufacturing methods and the design of an electrical power system to 
make use of them. These challenges involve solving a number of problems that are 
not present in the scientific research environment. The most immediate challenge is 
how to provide adequate sealing for full size SOFCs in a multi-cell stack. For planar 
SOFCs, a standard stack design consists of a number of square cells separated by 
metal interconnects, as described in Section 2.3. Sealing of these stacks is 
accomplished by compressing the layered structure which includes sealing material. 
As more compressive force is applied to the stack, the quality of the seals improves. 
However, any cell which is not perfectly flat will experience flexural stress as a result 
and this can lead to cells fracturing. Due to the brittle nature of the ceramic materials 
that constitute solid oxide fuel cells, a very thorough understanding of the mechanical 
limits of these devices is critical to their successful deployment. 
The vulnerability of SOFCs to mechanical failure is a well-known issue. However, 
much of the research into this phenomenon has been focused on yttrium stabilized 
zirconia (YSZ) based devices[37]–[39]. This material has been the standard for the 
field and has desirable mechanical properties but requires high temperatures to 





ceria-based electrolytes has occurred. Much less attention has been given to the 
mechanical behavior of doped ceria materials across SOFC operating conditions. 
Much of the study of fracture in ceramic materials has been done on technical 
ceramics for medical applications and for coating metal components[40]–[47]. These 
materials are optimized for fracture toughness and durability and very rarely 
experience temperatures above a few hundred degrees Celsius. The fracture surface 
analysis and correlations between microstructure and strength described for these 
materials are a valuable starting point for investigating fuel cell materials. However, 
there is a lack of extensive investigation into the properties of intermediate 
temperature SOFC materials at their expected operating temperatures and 
environments. 
Efforts have been made to comprehensively examine the mechanical properties of 
SOFC materials and the effect of non-standard conditions on those properties. Nakajo 
et al. conducted a wide ranging study of materials used in anode supported SOFCs 
which included some attention to temperature and atmosphere effects[39]. While 
providing a solid base of material knowledge, this work did not fully cover materials 
beyond YSZ and there remains a need for further testing, especially for doped ceria. 
Flexural strength and Young’s modulus measurements for gadolinium doped ceria 
(GDC) have been carried out in ambient conditions by Yasuda et al. They 
characterized the effects of sintering temperature on density and the resulting 





temperatures and reducing environments must be done to fully understand the 
mechanical behavior of GDC. 
This study presents the results of a range of flexural tests involving the materials 
using in ceria-based anode supported SOFCs along with the assembled half-cells. 
Using a purpose-built temperature controlled environmental chamber installed in a 
universal testing machine (UTM), porous doped ceria bars, anode support layers 
composed of nickel and doped ceria cermet, and half-cells composed of an ASL and a 
doped ceria electrolyte were tested. The various test conditions used included 
expected operating temperatures (450°C - 650°C), and both reducing and oxygenated 
atmospheres. These variations in test conditions are important because these cells 
must maintain their integrity from when they are first placed in a sealed stack to when 
they reach operating conditions. In particular, this study was intended to determine at 
what point in their life SOFCs are most vulnerable to mechanical failure and the 
mechanisms involved. Additionally, the effect of the anode-electrolyte interface on 
flexural strength was explored. 
 
6.2. Mechanical Test Fixture Design and Construction 
6.2.1. Mechanical Fixture Materials Selection 
To develop a testing apparatus capable of simulating the various conditions 
experienced by operating SOFCs, appropriate materials were chosen based on 





technical ceramics available and is relatively inexpensive. Additionally, it is very 
chemically stable and has a high hardness value. This makes it well suited for bend 
tests as measured deflection can be attributed to the sample and not the fixture. 
Diamond-tipped end mills were used to machine out the desired hollows and cuts 
were performed using a diamond grinding saw. The construction of the three-point 
bend fixture out of a single material mitigates any structural damage that could arise 
from different thermal expansion behavior when the system is raised to SOFC 
operating temperatures. 
6.2.2. Three Point Mechanical Fixture Construction 
The lower half of the fixture is immobile and is where the sample rests during testing. 
The sample rests crossways on two 6.35 mm diameter rods which are placed in 
troughs separated by 20 mm. The troughs are cut into a rectangular block with 
dimensions of 40 mm x 25 mm. This block is secured on top of another equally 
dimensioned bock which has a cylindrical hole bored into underside with a depth of 
5mm and diameter of 12.7 mm. The support rod is secured in this hole and extends 
300mm down to the anchor point of the UTM. All secured joints between alumina 
components are joined using silica-based high temperature cement. 
The upper half of the fixture consists of a 12.7 mm diameter rod which has a 6.35 mm 
wide half-cylinder trough cut into one end. In this trough, a 6.35 mm diameter rod is 
secured perpendicular to the main rod using silica cement. The main rod extends up 





the use of a 3D printed bar-jig to ensure repeatability. Figure 14 shows the 3D 
concept model of the fixture baseplate along with the assembled final product. 
 
Figure 14: a) 3D concept model for alumina three-point bend fixture baseplate; 
b) Assembled alumina three-point bend fixture with loaded sample 
 
6.2.3. Temperature Control System 
Following the creation of the alumina fixture, a heating system capable of reaching 
SOFC operating temperatures was developed. 12 in x 12 in steel plates were 
assembled into a cube with cutouts in the top, bottom, and front faces. Steel wire 
mesh was used to create a 6 x 6 x 6 in compartment in the center of the case. Silica-
based wool insulation was packed between the center cavity and the case walls. 
Nickel-chromium alloy heating elements were installed in the cavity and connected to 
an external PID temperature controller. A K-type thermocouple was inserted through 
the insulation to the center cavity to measure temperature. The two pieces of the 





secured to the anchor points of the UTM. The furnace was placed on a supporting 
scaffold to hold it in position during tests. 
6.2.4. Atmosphere Control System 
To create the atmosphere control system, a combination of standard and custom 
vacuum system parts were used. For the main body of the chamber, a 3 inch inner 
diameter, stainless steel tee was made with QF80 Flanges on the top and middle 
sections on the tee. The bottom tapered down to a QF50 sized flange with two NPT 
ports welded in. On top of the tee, at the QF80 port, a custom-made reducer was 
added to reduce it to QF50 while adding two additional NPT ports. Figure 15 shows 
the engineering drawings and rendered image of the custom pieces fabricated by 
A&N Corp.  
 
Figure 15: Engineering drawings of mechanical testing atmospheric chamber 
(provided by A&N Corp.) 
The NPT ports on top and bottom allow for gas inlet and outlet and the placement of 





manual rotameters. Flexible bellows on top of the chamber allows the motion of the 
cross-bar to be translated into the fixture, requiring the subtraction of the spring force 
to be removed during analysis. The alumina fixture pieces were then inserted through 
each end and into the chamber within the furnace. An additional layer of silica wool 
insulation was placed around the testing system to prevent temperature fluctuations. 
6.2.5. System Verification 
In order for valuable data to be gathered on the mechanical properties of SOFC 
materials, the three-point bend fixture required verification to ensure that there were 
no large sources of error being introduced into measurements by some feature of its 
construction. To accomplish this, a set consisting of ten pressed GDC bars containing 
50% porosity was fabricated via the process described in Section 5.3. The samples 
were randomly divided into two groups, one being assigned to the newly constructed 
alumina fixture while the other was assigned to a steel three-point bend fixture with 
identical dimensions. The sets were tested at room temperature in air, and the results 






Figure 16: Comparison of steel and alumina three-point bend fixtures for ~50% 
porous GDC pressed bars (Air, 25°C) 
Figure 16 shows the results of the validation test. The mean strength recorded on the 
steel fixture was slightly higher by comparison to the alumina fixture, but within the 
standard error of the sample sets. Given this similarity of measurement results, the 







6.3. Experimental Design 
6.3.1. Sample Creation 
Pressed GDC bars containing porosity ranging from 10-70% were created using 
uniaxial pressing as described in Section 5.3. The porosity was created using either 
spherical PMMA or flake graphite. Bar dimensions were measured after sintering for 
stress calculation purposes. 
The nickel oxide-GDC ASL and half-cell coupons were created via tape casting and 
hot lamination as described in Section 5.1 and Section 5.2. The coupons were cut 
from the laminate prior to sintering and then separated randomly in to test condition 
groups. Each test condition was assigned five of each coupon type (ASL only, half-
cell electrolyte up, half-cell electrolyte down). Each sample was marked with an 
identifying alphanumeric code so fracture surface analysis could be performed, and 
dimensional measurements were taken. The average coupon dimension was 8.16 mm 
x 24.15 mm x 2.98 mm. 
6.3.2. Flexural Testing 
All tests conducted in the Tinius Olsen 10ST UTM were done at a crosshead rate of 
0.2 mm/min with a 20 mm lower span. During loading on the 3-point system, the 
lower region of the sample experienced tensile stress while the upper region 
experienced compressive stress. The “electrolyte-up” and “electrolyte-down” 
denominations indicate whether the electrolyte layer experienced compressive or 





fixture and tested. For sample sets at elevated temperatures in ambient atmosphere, 
the samples were loaded into the front of the chamber, acting as a staging area, prior 
to heating the fixture. Upon transferring the next coupon from the staging area to the 
fixture, a 20 minute waiting period was used to ensure that the coupon had reached 
thermal equilibrium prior to testing. Following the completion of the set, all coupon 
pieces were cooled at a rate of 10°C/min. For testing in reducing atmosphere, each 
coupon was reduced and tested individually. Using thermogravimetric analysis 
(TGA) results, a reduction time of 18 hours at 650°C was chosen so as to achieve 
sufficient reduction of the nickel oxide in the coupon using humidified (3% H2O) 
Argon containing 3% H2. Figure 17 shows the mass loss of Ni-GDC anode material 






Figure 17: Thermogravimetric Analysis results for Ni-GDC SOFC anode 
reduction in 3% H2O 3% H2 balance Ar 
At the conclusion of this 18 hour window, the sample was tested and the next sample 
was loaded for reduction. 
6.3.3. Fracture Surface Microscopy 
Following the destructive test, SEM analysis of the fracture surfaces were performed. 
The purpose of this post-test examination was to observe the trans-granular, inter-
granular, or mixed nature of crack propagation, and to find any anomalous features on 
the fracture surface. Magnifications of x2.00k – x10.0k were found to be appropriate 






6.4. Mechanical Strength of Porous Ceria 
In agreement with literature data, GDC bars with greater porosity displayed lower 
flexural strength values as compared to less porous samples. The relationship between 
porosity and strength followed an exponential trend. This behavior is well established 
for porous ceramics and is described by Equation 9[49]. 
, =  ,*0 ( 9 ) 
σ0 is the material flexural strength when fully dense, P is the porosity volume fraction, 
and η is a constant dependent on the material and microstructure of the sample. 
The flexural strength measurements of pressed GDC bars containing various levels of 






Figure 18: Flexural strength-porosity dependence for porous GDC10 at 650C 
and 25C using spherical PMMA or graphite flake pore former: a) Measured 
strengths fitted using fixed geometric constant; b) Measured strengths fitted 
using different geometric constants 
The trends shown in Figure 18 (a) are constrained by a fixed value of η that has been 
previously reported for GDC, while Figure 18 (b) uses variable η. The variable η 
fitting approach matches the measured data at 650°C much more closely than when η 
is a fixed value. This is unsurprising given the radically different pore geometry 





SEM micrographs of the fracture surfaces of various sample sets (Figure 19) 
illustrates the very different microstructural states created by the use of the different 
pore formers.  
 
Figure 19: SEM micrographs of porous GDC10 bars made using: a) PMMA 
pore former; b) graphite flake pore former 
The spherical pores created by PMMA burn-out largely retained their shape during 
the sintering process and did not strongly affect the surrounding dense material. In 
contrast the graphite flake created thinner and more interconnected pore structures 
which appears to have lowered the size of the fully dense areas of ceramic. This 
“stretched out” microstructure caused by the graphite flake pore-former is much less 
resistant to fracture. 
Samples with porosity formed using PMMA spheres showed significantly greater 
strength as compared to samples with graphite-formed porosity. This can be 
explained by the effect of pore geometry on crack initiation and propagation in the 
ceramic. If a crack enters a pore, the pore can now be considered the new crack tip. 





tip. For a spherical pore, this geometric factor is maximized and results in higher 
resilience for fracture.  
Based on the mechanical behavior of these samples, porous ceramics should be 
designed and constructed such that the pore geometry is as low aspect ratio as 
possible to maximize strength. 
 
6.5. Mechanical Strength of SOFC Anodes and Half-Cells 
The capability to vary atmosphere as well as temperature for three-point bend tests of 
the system developed in this work allowed a multi-variable study of the effect of 
environment of GDC-based SOFC structures. The anode support layer was evaluated 
first, due to its role as the mechanical “backbone” of this cell design. Figure 20 shows 






Figure 20: Temperature dependent strength of tape-cast nickel oxide-GDC10 
cermet anode support coupons in air at 25°C, 450°C, and 650°C 
The strength of the ASL layer in air increased linearly with temperature. This is 
expected behavior for ceramic materials, as thermal expansion causes micro-cracks 
and other small defects to close up and raises the energy required to initiate crack 
growth. In cermet samples such as these, large differences in thermal expansion 
behavior of the constituent materials could degrade strength at elevated temperatures 
but this is not the case for this formulation. 
The electrolyte layer in an anode supported SOFC is very thin relative to the ASL by 
design, but unlike the ASL it is fully dense and homogeneous. Depending on the cell 
orientation and direction of bending stress, it is possible that the electrolyte layer 
could have a significant effect on the strength of the cell. Half-cells (ASL + 





electrolyte side of the laminated structure was placed in either tension or 
compression. Figure 21 show the half-cell results overlaid with ASL strength. 
 
Figure 21: Temperature dependent strength of SOFC ASL and half cells tested 
at 25°C, 450°C, and 650°C 
Based on the strengths shown in Figure 21, there appears to be a slight strengthening 
effect from orienting the cell such that the electrolyte layer is placed in tension rather 
than compression. This is more apparent at elevated temperature. However, based on 
statistical analysis, there is no significant difference in the strength between the three 






Figure 22: Student’s t-test for strength and modulus of sample sets: a) Strength 
at 25°C b) Strength at 650°C c) Modulus at 25°C d) Modulus at 650°C 
The circles in Figure 22 show the degree of similarity between two sample sets. More 
overlapping circles correspond to more statistically similar data sets. At elevated 
temperature there was a significant difference between the modulus of ASL samples 
and samples with the electrolyte placed in tension. This difference was not present at 
room temperature. As the materials reach elevated temperature, small differences in 
elasticity will likely become magnified due to different thermal effects on dense and 
porous layers. 
SEM analysis of the fractured half-cells showed very good adhesion between layers. 
Delamination is a common failure mode in layered ceramics and one that would be 
particularly damaging to SOFCs due to resulting ionic conductivity loss between 
layers[50]. Based on this observation, the process of uniaxial pressing followed by 






Figure 23: SEM micrographs of unreduced and reduced half-cell fracture 
surface: tested in air at 25°C (top) and tested in reducing atmosphere at 650°C 
(bottom), showing good adhesion between anode and electrolyte 
In the half-cell coupons, it was clear that the fracture plane contained mixed 
transgranular and intergranular fracture. Some grains were sheared through while 
others remained whole. The x5.00k micrographs in Figure 23 (right) show a number 
of fractured grains with a number of small parallel ridges. This feature indicates the 
passage of the crack through the grain. Due to the mixed nature of this fracture, 
further testing of sample with varied grain size is required to isolate the effect of grain 
structure on the mechanical strength of these devices. 
Each of the three types of coupon samples (ASL, half-cell with electrolyte in tension, 





environment to approximate the condition of SOFC operation. Figure 24 shows the 
measured strengths compared to the samples tested in air. 
 
Figure 24: Temperature dependent strength of Ni-GDC anode supports and 
half-cells in both air(black data points), and reducing atmosphere (3% H2, 
balance Ar)(red data points), tested in both “electrolyte-up” and “electrolyte-
down” orientations resulting in the electrolyte layer experiencing tension and 
compression, respectively 
All unreduced sample types showed increased strength at elevated temperatures with 
little difference between types at a given temperature. The high-temperature reduced 
coupons displayed large differences in strength depending on the orientation of the 
sample. Tests in which the dense electrolyte layer was placed in compression resulted 
in the highest strength values, while the samples were weakest when the electrolyte 
was placed in tension. In reduced samples, the anode support layer becomes a 
ceramic-metal composite and is therefore somewhat elastic while the electrolyte 









A temperature and atmosphere controlled alumina three-point bend fixture was 
designed and built for use in a universal testing machine. The system was verified via 
comparison to a commercially available steel three-point bend fixture. SOFC coupons 
and component materials were evaluated for flexural strength at room temperature 
and IT-SOFC operating temperatures. The effect of stress orientation on the strength 
of SOFC half-cells at operating temperature and in reducing atmosphere was also 
investigated. In addition, the effects of porosity percent and pore geometry on flexural 
strength in gadolinium doped ceria were investigated. 
Pore geometry was found to have a significant impact on the flexural strength of 
GDC10, with spherical pores showing the greatest resistance to fracture. This 
supports the concept of pores acting as the new crack tip once a crack has advanced to 
the pore. Additionally, samples at 650°C were stronger than those at room 
temperature. This is likely due to localized compressive stresses from thermal 
expansion. This hypothesis is further supported by the results of testing NiO-GDC 
anode support coupons and half-cells. Coupons tested at 25°C, 450°C, and 650°C 
displayed a linear strength dependence with temperature. This hypothesis is further 
supported by the results of testing NiO-GDC anode support coupons and half-cells. 





with temperature. There was no statistical difference in strength between anode 
support layers and half-cells composed of anode support and electrolyte at a given 
temperature in air. Half-cells in which NiO was reduced to Ni by exposure to H2 at 
650°C displayed significant differences in strength when the electrolyte layer was 
subjected to compressive stress as opposed to tensile stress. Placing the ceramic 
electrolyte in compression and the metal-ceramic composite anode in tension resulted 
in the highest strength. 
This work leads to two important conclusions for the mechanical properties of GDC-
based SOFCs using Ni anodes. Porous GDC used in anode supported SOFCs should 
be fabricated such that the pore geometry is spherical as this maximizes energy 
required to advance a crack through the ceramic. Secondly, care should be taken in 
stack construction to ensure any out-of-plane cells are placed to compress the 
electrolyte and place the reduced anode in tension so as to lower the chance of 
fracture. 
The author would like to acknowledge the support of the Maryland NanoCenter and 
its AIMLab for the use of the SEM used in obtaining micrographs, A&N Corporation 
for the design and assistance in constructing the atmospheric test chamber, and the 






Chapter 7:  Improved Sulfur Tolerance of Ceria-Based SOFCs 
through Anode Surface Modification 
 
7.1. Study Rationale 
The fuel flexibility of SOFCs is one of the key advantages these devices have over 
other fuel cell designs. The ability to easily integrate SOFCs with existing 
hydrocarbon fuel infrastructure is a strong argument for their viability as a bridge 
technology. These fuels often have certain amount of impurities (e.g., H2S), 
depending on the source and production methods[51]. Fuel contamination is a 
potentially serious hurdle to the widespread adoption of SOFCs as an energy 
generation technology[52]. 
The operating conditions of high temperature Ni-YSZ SOFCs make sulfur a 
particularly damaging fuel contaminant due to the high affinity for sulfur possessed 
by nickel and the fact that nickel sulfide formation is favorable at this temperature 
range[52]–[56]. Both of these realities mean that even trace amounts of sulfur can 
destroy Ni-YSZ based cells very quickly through both catalytic site occupation and 
cracking due to the volume change associated with nickel sulfide formation. 
Therefore, SOFC systems running on natural gas or other hydrocarbon fuels must use 
sacrificial scrubbers or an additional desulphurization system to remove any sulfur. 






Ni-GDC SOFCs operating in the low-to-intermediate temperature range can 
experience similar performance loss issues to the Ni-YSZ cells when exposed to 
sulfur but the mechanisms can differ. Physisorption of sulfur atoms to catalytic sites 
still occurs, but the favorable chemical reactions are different[57]–[59]. Sulfate 
compounds are more commonly formed and both nickel and cerium can be affected. 
Sulfur occupying catalytic sites during cell operation leads to oxidation of the nickel 
instead of oxygen ions reacting with fuel species[52]. The lower number of effective 
catalytic sites caused by the presence of sulfur will also enhance the damage from 
other chemical species which are present. This is due to a lower oxygen flux through 
the cell electrolyte that then prevents the oxidation and removal of species such as 
carbon. Overall, the level of damage done to Ni-GDC based SOFCs by sulfur is less 
than for Ni-YSZ cells. One explanation for this difference is the variable oxidation 
state of the cerium atom. This variability means that the ceria lattice can readily give 
up some amount of oxygen and prompt gaseous sulfur dioxide formation which 
lowers the local effective sulfur concentration, thus preventing chemical reactions 
with the anode structure[59], [60]. 
This phenomenon can be used to design SOFC anodes with greater tolerance for 
sulfur poisoning[61]. By increasing the interface area between ceria and the nickel 
material in the anode, the “shielding” effect of the ceria should increase. However, 
the porosity of the anode should be preserved as much as possible to ensure no 
significant loss of catalytic sites. Therefore, any material added to the anode should 
have very small particle size. By using a surface coating, the added ceria can have a 





catalytic sites, infiltrated surface coatings can improve the cell performance without 
needing to modify the original SOFC structure. It has been shown that polarization 
resistance of SOFC anodes can be improved using infiltrated coatings containing 
GDC at relatively low weight% loadings[62]–[64]. 
In this study, Ni-GDC based SOFC button cells are evaluated for resistance to sulfur 
poisoning by testing electrical performance under constant current operating 
conditions. Cells constructed using modified anodes with increased ceria loading 
were compared to unmodified cells and were found to have far more stable 
polarization resistance and thus more stable ASR. Electrochemical performance of 
each cell was tested, followed by a suite of post-testing characterization including 
SEM, TEM, XPS, Raman spectroscopy, and EDS. The purpose of this was to search 
for any microstructural changes in the cell anodes that could be correlated to the cell 
performance observed during testing. Additionally, the amount of sulfur present after 
testing would help illuminate the mechanism of interaction with the catalyst and ion 
conducting materials respectively. 
 
7.2. Experiment Design 
7.2.1. SOFC Fabrication 
Ni-GDC/GDC/LSCF-GDC button-sized SOFCs were prepared using the tape casting 
and cell construction methods detailed in Section 5.1. The anodes of cells used in this 





reduction. The reference SOFCs for this study were not modified in any way 
following their creation (Section 5.1.). The experimental population of SOFCs was 
prepared identically to the reference group of cells. Following fabrication, the anodes 
of the experimental SOFCs were infiltrated with GDC precursor solution as described 
in Subsection 5.1.3. The infiltration process was carried out until a ~3.62 weight% 
loading was achieved. This treatment resulted in a very fine coating of GDC 
throughout the interior volume of the anode layer. 
7.2.2. Electrochemical Testing 
SOFCs were tested using a standardized procedure based on the long-term 
degradation test design described in Subsection 5.2.2. The test procedure was 
composed of cycles lasting slightly longer than one hour. In each test cycle, an EIS 
measurement, a 0.033A/s galvanodynamic scan, and a one hour 0.1A cm2 
galvanostatic measurement were taken. Once the cell reached the operating 
temperature of 650°C, a baseline test cycle was completed on humidified hydrogen. 
Following this cycle, a fuel composition of 50:50 H2:CH4 (Airgas, 99.99%) with 3% 
H2O was used. The chosen concentration of 20ppm H2S was then added to the fuel 
stream using a source tank of 2500ppm H2S balanced in CO2 (Airgas, +/-2% H2S 
content). A reference cell was also testing under only humidified hydrogen so as to 
provide a “clean” reference for later characterization. The “snapshot” measurements 
taken every hour during this long term testing provided a direct comparison of the 
performance and health of the reference and infiltrated SOFCs. Observing the trends 
in ASR components, OCV, and electrical power output provides information about 





7.2.3. Post-Testing Anode Characterization 
Following the long term testing of these cells, the anode surface and cross section 
were examined using SEM and EDS to search for sulfur and/or carbon deposits and to 
determine if any significant microstructural changes had occurred during the long 
term testing. XPS was used to investigate differences in the electronic structure of the 
species present on the surface of the SOFC anodes after long-term testing. The 
spectra corresponding to nickel, cerium, oxygen, carbon, and sulfur were collected 
and compared across the clean reference, reference, and infiltrated cells. Raman 
spectroscopy was performed as a supplementary characterization technique to XPS. 
Raman spectra provides particle size information in addition to being able to 
differentiate carbon structures. All Raman spectra were normalized to the 1030-
1280cm-1 region, corresponding to the NiO band. X-ray diffraction was also 
performed to determine if exposure to sulfurized methane fuel caused phase changes 
in any of the anode constituent materials. 
7.2.4. Anode Powder Microscopy 
In addition to full cell testing, a number of powder samples were prepared for TEM 
analysis. Sections of fired anode functional layer tape identical to those used in SOFC 
fabrication were lightly crushed using a mortar and pestle to create a powder. Four 
powder samples were exposed to sulfurized fuels. Two samples were coated with 
GDC solution and two served as unmodified controls. One test-control pair was 
exposed to humidified H2 and the other to a humidified 50:50 H2:CH4 mixture 
(Airgas, 99.99%). In each case, the gas flow rate was 125sccm. Both streams 





650°C, then cooled in hydrogen (25sccm flow rate). TEM images were taken from a 
direction tangential to the surface of the AFL particles to capture any deposits of 
foreign material that could be present following fuel exposure. 
 
7.3. SOFC Performance Results 
Figure 25 (a) and (b) show I-V curves of the reference and the infiltrated cells, 
respectively, as a function of sulfur exposure time. There was a significant difference 
in the performance of the cells containing the infiltrated GDC as compared to the 
reference cell once exposed to sulfur. Figure 25 (c) shows the trends in maximum 
power density of both cells over time, with points corresponding to the peaks in 
Figure 25 (a) and (b). Both cells displayed a significant drop in power output within 
five hours of exposure, caused by reversible sulfur adsorption on the anode triple 
phase boundary sites[59], [65]–[67]. However, while the power loss continued until 
failure in the reference cell, the infiltrated cell stabilized and experienced no 






Figure 25: I-V behavior for a) Reference cell b) Infiltrated cell; c) Maximum 
power trends for reference and infiltrated cell d) Open circuit voltage (OCV) for 
reference and infiltrated cell 
The open circuit voltage of both cells is shown in Figure 25 (d). The reference cell 
shows a constant decrease in OCV with a slope of 0.1V/100hr. In contrast, the OCV 
of the infiltrated cell remained very stable throughout the test. 
The time dependent changes of impedance spectra of the reference and the infiltrated 
cell are shown in Figure 26 (a) and (b). A significant increase in the total ASR was 
observed in all SOFCs within the first three hours of sulfur exposure. The trends in 





(c) and (d). The ohmic portion of ASR was relatively unchanged in both cells for the 
duration of the testing, as shown in Figure 26 (c). 
The growth of the non-ohmic portion of the cell impedance, shown in Figure 26 (d), 
was largely responsible for the performance loss of the reference cell, which is in 
agreement with results in the literature[22], [52], [53], [58], [60], and is dominated by 
the polarization resistance of the anode. The sharp initial increase in the non-ohmic 
component of the ASR in all cells is likely the result of sulfur occupying catalytic 
sites and reducing effective TPB length. The longer term degradation observed in the 
reference cell would then be the result of fouling and chemical degradation of the 






Figure 26: Nyquist plots for a) Reference cell b) Infiltrated cell; c) Ohmic ASR 
trends for reference and infiltrated cells d) Non-Ohmic ASR trends for reference 
and infiltrated cells 
The degradation effect caused by this structural damage was seen after the first 5 
hours in the reference cell and caused an increase of 6.2% hr-1 in the non-ohmic ASR. 
The structure damage degradation phenomenon was not present in the infiltrated 
cells. The infiltrated cells also displayed an increase in the non-ohmic ASR initially 
but it then remained virtually unchanged for the duration of the test following this 
initial change, suggesting that the nanoparticle infiltration strongly inhibits structural 
damage to the anode from sulfur. This observation supports the hypothesis of 





formation rapidly enough to prevent significant reactions with the anode materials 
and the resulting ASR increase. 
 
7.4. Degradation Mechanism Investigation 
The large divergence measured in long-term performance between the untreated 
reference cell and the infiltrated cell suggests that significant changes occurred on the 
anode of the reference cell. A battery of characterization techniques were used to 
better understand these changes and the positive effects of the infiltration treatment. 
7.4.1. SEM and EDS of Tested Anodes 
SEM analysis of the anode cross sections showed some notable differences in the 
microstructure of the various cells, as shown in Figure 27. In the infiltrated anodes, 
deposited material was observed on the surface of exposed grains seen in Figure 27 
(b). These features are GDC deposits from the infiltration and were not present in the 






Figure 27: a) Reference cell anode micrograph before testing b) Ceria coating on 
nickel grain in infiltrated anode c) Micrograph and EDS of reference cell anode 
after exposure d) Micrograph and EDS of infiltrated anode after exposure 
 
EDS measurements performed on the cross section of the cells after testing, shown in 
Figure 27 (c) and (d), revealed a large contrast in the amount of carbon present and a 
small difference in sulfur between the reference and infiltrated cells. This finding 
indicates that sulfur poisoning of the anode will encourage carbon deposition, 





infiltrated anode to carbon deposition is a promising result for the ultimate goal of 
making IT-SOFCs that are able to operate on commercially available fuels. 
7.4.2. Raman Spectra Results 
Further investigation into the nature of the contaminant species in the cell anodes was 
performed using Raman spectroscopy. This technique supplied information 
concerning the grain size of the anode material at the anode surface and the nature of 
the carbon deposits present on the degraded reference anode. Figure 28 shows the 
Raman spectra collected from the infiltrated cell anode, as well as those collected 
form the two reference cell anodes. 
 
Figure 28: Raman spectra for reference and infiltrated SOFC anodes exposed to 
sulfur, with spectrum of clean reference cell anode for comparison. 
The two wavenumber regions of interest in the spectra from all three samples are 400-
550 cm-1 and 750-2000 cm-1. No peaks outside of these regions could be resolved out 
of the background noise. Figure 29 highlights these regions of interest. 










Figure 29: Raman spectra of Reference, Infiltrated and Clean reference cell 
anodes; a) Shifted ceria peak in infiltrated cell; b) Significant carbon peak 
growth on unmodified anode 
Figure 29 (a) shows the cerium oxide peak of each cell. The slight peak shift and 
broadening seen in the infiltrated cerium oxide spectra is attributed to the ceria 
nanoparticles from infiltration[68]. The infiltrated and reference cells showed a stark 
contrast in the 1250-1750 cm-1 wavenumber range, shown in Figure 29 (b). Compared 
to a clean, unmodified cell exposed only to wet hydrogen, the infiltrated cell and 
reference cell exposed to sulfurized hydrocarbon fuel gained peaks corresponding to 
the carbon D-band at 1350 cm-1, and the reference cell exposed to sulfurized fuel 
gained a large peak corresponding to the carbon G-band  at 1580 cm-1[69]. The 
carbon G-band peak indicates carbon is present in the form of graphite on the anode 
surface[70], [71]. The carbon D-band seen in the spectra of both the infiltrated and 
reference cells exposed to sulfurized hydrocarbon fuel is caused by defects and 
impurities in carbon structures[70]. In addition to these peaks, a small but sharp peak 





is caused by amorphous carbon and is likely partially caused by contamination from 
handling of the samples. 
These findings support the results from EDS measurements showing a significant 
difference in the carbon present on the anodes of the infiltrated and reference cells. In 
particular, the high intensity carbon G-band peak (1550 cm-1) in the sulfur-exposed 
reference cell further confirms that significant solid carbon formation is taking place 






7.4.3. XPS Results and Analysis 
 
Figure 30: Sulfur, Cerium, and Carbon XPS spectra: a) Reference cell; b) 
Infiltrated cell; c) Clean Reference Cell 
XPS analysis of the same sample set used for Raman spectroscopy provided further 
insights on the state of the surface of each cell’s anode. Figure 30 (a), (b), and (c) 
show the XPS spectra of S 2p, Ce 3d, and C 1s on the reference, infiltrated, and clean 
cell, respectively. The clean reference cell contained no sulfur as expected and 
confirms that any sulfur present in the other cells is not due to sources external to the 





modification shows the sulfur signals. Based on the binding energy of that, sulfur is 
present on the surface in the form of sulfate. Quantitative analysis of sulfur 
concentration on each cell shows that the sulfur concentration in the infiltrated cell 
was approximately half of the concentration in the reference. 
One of the findings of XPS analysis on the cell anodes was the variation in cerium 
oxidation state between samples. Cerium 3+ and 4+ have distinct 3d spectra and the 
prevailing oxidation state of cerium in the sample can be estimated based on the 
shape of the measured spectra. The cerium in the infiltrated cell was primarily Ce3+, 
identical to cerium in a cell that had never been exposed to sulfur, as indicated by the 
peak at binding energy ~886 eV. In contrast, the reference cell that was exposed to 
sulfur contained more Ce4+, indicated by the strong peak a binding energy ~884 
eV[72]. These results suggest that the addition of the ceria coating is preventing the 
lasting oxidation of the cerium present in the anode surface and is the key for the 
increase of anode sulfur tolerance. 
Another key difference between the XPS measurements of the reference and 
infiltrated cells was seen in the C 1s spectra. All three samples showed a peak at ~285 
eV, but only the reference cell possessed a second peak at ~290 eV. The absence of 
the carbon 1s peak at binding energy ~290eV on the surface of the infiltrated cell 
reinforces the Raman spectroscopy and EDS findings that without the nanoparticle 






7.4.4. Anode Powder TEM 
TEM performed on untreated anode powder exposed to sulfurized methane showed a 
significant carbon presence on nickel grains, shown in Figure 31 (a). 
 
Figure 31: TEM images of a) Carbon growths on nickel grain in untreated anode 
powder b) Pristine surface of infiltration solution-treated anode powder 
The build-up of carbon further supports the findings from XPS and Raman 
spectroscopy that carbon formation is a major contributor to cell degradation under 
these conditions. Furthermore, the apparent amorphous nature of the carbon seen in 
the inset of Figure 31 (a) supports the Raman spectroscopy finding of significant 
disordered carbon present on the surface of standard cells exposed to sulfurized 
methane. Anode powder treated with the ceria solution was seen to be carbon free 






7.4.5. X-Ray Diffraction 
 
Figure 32: X-ray diffraction patterns for Reference, Infiltrated, and Clean 
Reference cells with cerium oxide and nickel reference spectra 
 
The X-ray diffraction patterns (Figure 32) of the cells showed very little difference 
between the various anodes. All but one of the main peaks matches either the cerium 
oxide or nickel reference spectra. The unaccounted-for peak at 2θ = 29 was 
unchanged between the clean reference and the infiltrated samples, and grew 
significantly for the sulfur-exposed reference sample. Base on XPS results, this peak 





relative intensity of some of the nickel and cerium oxide peaks, but no evidence of the 
formation of a significant secondary phase in any of the samples appeared. 
7.4.6. Proposed Mechanism for Improved Sulfur Tolerance 
Based on the experimental evidence on the aged cells, the presence of nano-
infiltrants, in this case, GDC, plays an important role of surface protection. Figure 33 
shows the conceptual schemes for the sulfur protection mechanism proposed.  
 
Figure 33: Sulfur protection mechanism concept: a) Normal fuel oxidation 
reactions at TPB; b) Adsorbed sulfur blocks TPB site, carbon deposition begins; 
c) Fully deactivated anode with adsorbed sulfur and carbon growths; d) High 
density of TPB sites and improved oxygen transport from nanoparticles prevents 
sulfur poisoning effects 
 
The infiltrated GDC increases the density of reaction sites in the anode, mitigating the 





a continuous pathway for oxygen to transport to the TPB sites, providing sufficient 
oxygen to oxidize the surface sulfur intermediates into gaseous SO2. This constant 
oxygen flux, pumped from cathode to anode while SOFC operating, is essential for 
preventing the permanent degradation in anode, caused by carbon growth and damage 




Infiltrating a small weight% of GDC into porous, Ni-GDC SOFC anodes significantly 
lessened the degradation caused by sulfur exposure. When exposed to a 
hydrogen/methane mixture containing 20ppm of hydrogen sulfide, an unmodified 
SOFC became nonfunctional after 70 hours while the infiltrated SOFC operated 
stably for over 290 hours. The sulfur-induced increase in polarization resistance 
associated with anode poisoning was far smaller and did not grow over time in the 
infiltrated cell. The negative impact of sulfur exposure manifested as two distinct 
degradation methods. These were identified as adsorption of sulfur on triple phase 
boundaries, and carbon buildup on the anode surfaces. The infiltration prevented 
carbon buildup by providing improved oxygen ion transport to the surface which 
promoted the removal of sulfur and carbon via SO2 and CO2 formation so that the 
concentration of surface contaminants remained low. This method for increasing the 
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Chapter 8:  Small Scale SOFC Thermal Measurement and Tri-
generation of Heat, Power, and Potable Water from Waste 
 
8.1. Study Rationale 
There are many areas in the developing world where traditional approaches to utility 
infrastructure are not feasible due to cost, political instability, or lack of local 
technical expertise. Contaminated water sources are one of the largest contributing 
factors to the spread of disease in these countries. Despite efforts from both 
governments and NGOs, much of the African population does not have access to 
uncontaminated water[73], [74]. With these conditions, unconventional strategies for 
providing basic utility access are needed. 
A design philosophy based on modular technology is attractive for this application. 
Decentralized energy production is attracting interest in industrialized nations due to 
the greater flexibility and security it offers[75], [76]. The same advantages are present 
in the case of developing nations with the added benefit of rapid deployment and low 
requirements for capital. Modular technologies can be sized to the demands of the 
community while still reaping the benefits of standardized components and 
designs[77], [78]. The risk of large-scale utility outages is also drastically lowered. 
Solid oxide fuel cells are a good candidate technology for this application. SOFCs are 
capable of much higher efficiencies compared to combustion generators and have the 
advantage of being solid state devices. Multiple significant improvements to SOFCs 





temperatures, higher power densities, and superior chemical durability have been 
realized[54], [79]–[81]. In a combined heat and power configuration SOFCs can 
achieve an overall fuel conversion efficiency as high as ~90%[82]. Their efficiency, 
durability, and fuel flexibility make distributed SOFC systems an attractive choice for 
deployment in place of traditional centralized power. 
This work was undertaken with the purpose of designing a SOFC based system 
capable of producing electricity and clean water in areas without access to modern 
utilities. Additionally, the system should use locally produced fuels and be a size such 
that delivery and installation are not difficult. 
In order to create a serviceable model, the performance metrics of representative 
GDC based SOFCs were determined. The anodes of these cells are more tolerant of 
hydrocarbon fuels than yttrium stabilized zirconium based SOFCs, allowing for 
thermal cycling and long term operation with less fuel contaminant induced 
degradation[53]. The metrics of interest include cell stability and performance under 
biogas fuel, and the heat production of an operating SOFC.  
A method for measuring the heat output of a button-sized SOFC was developed and 
employed. A number of studies have been carried out in which the thermal behavior 
of large-scale planar SOFC or SOFC stacks is measured[83]–[85]. In comparison, 
little to no literature exists concerning thermal energy production of button or “coin” 
sized SOFCs. The measurement technique developed in this study compensated for 





cool over many hours, therefore magnifying the effects of small amounts of heat 
energy being created by SOFCs. 
Using the measured performance of these cells, larger scale SOFC stacks were 
modeled and used to inform design choices for the proposed multipurpose system. 
Additionally, quantitative information on the performance of water filtration 
technology suitable for pairing with the SOFC was collected from literature 
sources[86]–[89]. 
While producing electricity, SOFCs produce heat from the exothermic reactions 
taking place, and water is formed on the anode side of the cell from the fuel 
oxidation. The waste heat from this process can be captured through a heat exchanger 
and used to drive membrane distillation of water. Direct contact membrane 
distillation (DCMD) was chosen for this system due to its robust nature and 
simplicity. In this method, a hot stream of feed water is passed over a microporous 
membrane with a cool distillate stream on the opposite side. The differential vapor 
pressure causes the feed water in the pores to evaporate and condense into the cool 






8.2. Experimental Design 
8.2.1. SOFC Electrochemical Evaluation 
Button-sized (1in. diameter) Ni-GDC/GDC/LSCF-GDC SOFCs were fabricated using 
standard tape casting techniques. The cells were operated on hydrogen, methane, and 
simulated anaerobic digestion (ADG) biogas composed of CH4, CO2, and H2O. 
Button cells were heated to 650°C and the anodes exposed to hydrogen for 2 hours to 
reduce the nickel oxide. Following anode reduction, the cell temperature was lowered 
to 600°C and the gas stream was switched to the operating fuel; hydrogen (Airgas, 
99.99%), methane (99.99%, Airgas), or simulated biogas mix composed of 70% 
methane 30% carbon dioxide. The hydrogen and methane streams were bubbled 
through water at room temperature to add 3% hydration to the stream. To closely 
simulate ADG biogas, the methane-CO2 mixture was bubbled through water at 45°C 
to give a moisture content of ~7.5%. The final simulated biogas composition was 
64.75% CH4, 27.75% CO2, 7.5% H2O. Electrochemical impedance spectroscopy and 
galvanodynamic scans were used to characterize the performance of the SOFCs. Area 
specific resistance, open circuit voltage, and the current dependence of electrical 
power generation were the metrics of interest. 
8.2.2. SOFC Thermal Measurement 
The heat production of the operating SOFC button cells was measured by comparing 
the cooling curves and equilibrium temperatures of the testing furnace over a 10 





and then allowed to cool while the furnace output power was fixed such that cooling 
would be slow and the cell would not leave an acceptable operating temperature 
window. The temperature at the SOFC was recorded at 5 second intervals using a K-
type thermocouple to create the cooling curve. A reference cooling curve was created 
with the cell remaining at open circuit conditions which was then compared to the 
cooling curves measured while the cell was operating at a fixed current. The cell 
anode was exposed to wet (3% H2O) hydrogen (Airgas, 99.99%). The cooling data 
was fitted using Newton’s law of cooling. 
&" = *1'((/2('3 +  4 − *1'((/2('35*6&  ( 10 ) 
The resulting functions were integrated to find the area under the curves which is 
directly proportional to the heat produced by the cell. The curves measured for a 
number of current values were used to establish a relationship between SOFC current 
and heat production. This experiment was repeated using both methane (3% H2O) and 
the simulated biogas mixture. In order to calculate the quantitative amount of heat 
produced by cells, two more reference cooling curves were measured with first a 
0.092 Watt, then a 0.052 Watt heating coil taking the place of the SOFC. These 
power values were chosen for their proximity to the expected heat production from 
the button-sized SOFCs. The cooling behavior of the heating coil experimental runs 
was used to correlate cooling trends with thermal power generated at the cell location. 
Following test on smaller cells, the heat production of a large format (8cm x 8cm 
active area) planar cell was measured to further inform system calculations. These 





cells were operated on lab air and pure hydrogen. An in-line sensor was used to 
monitor the output power of the testing furnace at a fixed temperature. Integrating the 
measured power over the measurement window yielded the cumulative power 
consumption. By comparing the total power required to maintain temperature while 
the cell was at open circuit to the total power during cell operation at 2Acm-2, the heat 
production of the cell was calculated. The power required while operating at 2Acm-2 
was compared to the predicted value from the model. Origin data analysis software 
was used for integration and fitting of measured data. 
The results of the SOFC heat production experiments were used to model the outputs 
of a larger scale SOFC system. The electrochemical performance and heat production 
at different operating currents were calculated and used to create operating profiles 
showing the electrical power, thermal power, and water outputs of the proposed 
system. 
8.2.3. System Model Development 
The results of the SOFC heat production experiments were used to model the outputs 
of a larger scale SOFC system. The electrical power output and heat production at 
different operating currents were calculated and used to create a series of operating 
profiles showing the expected fuel consumption, electrical power, and thermal 
energy. The calculated SOFC system heat and water outputs were combined with a 
direct contact membrane distillation (DCMD) unit of a chosen size to determine the 





8.3. SOFC Electrical and Thermal Power Measurement 
8.3.1. SOFC Button Cell Performance 
SOFC button cells fueled on hydrogen, methane, and methane-carbon dioxide 
mixtures showed reasonable electrochemical performance in terms of area specific 
resistance and current-voltage behavior. 
 
Figure 34: a) Nyquist plots and b) current-voltage behavior of SOFCs using H2, 
simulated biogas, and methane (T=600C) 
Figure 34(a) shows the EIS spectra for a SOFC button cell with different fuels. The 
ohmic ASR of the cell remains unchanged across the different fuel conditions. 
However, there are significant effects on the non-ohmic portions of the spectra. The 
hydrogen and simulated biogas conditions show very little difference, with only a 
small increase in the low frequency region corresponding to anode polarization 
resistance for the biogas. The methane fuel with low water content displayed 
significant difference from the other cases. A second distinct arc is observed whereas 
this was not the case for the other fuel cases. The total impedance was also 24.6% 





low-moisture methane is caused by coking of the anode that occurs when there is 
insufficient moisture for steam reforming to occur at the cell. The effects of the 
higher ASR are seen in the I-V behavior of the cell seen in Figure 34(b). In addition 
to the lower initial slope of the power curve (dashed line) for the low-moisture 
methane, a significantly lower open circuit voltage was measured. 
These deleterious effects were not observed in the simulated biogas case. OCV was 
not negatively impacted by the carbon containing fuel species and the slope of the 
power curve was unaffected at lower current densities. The very slight increase in 
ASR resulted in marginally lower maximum power. The more than two-fold increase 
in moisture content of ADG biogas compared to the 3% moisture in the other two fuel 
streams promotes internal steam reforming and thus prevents any significant coking 
of the anode. This suggests that the natural water content of ADG biogas may be 
sufficient for acceptable SOFC operation without the injection of steam to the fuel 
stream. The almost identical OCV and ASR between hydrogen and simulated biogas 
further supports that water gas shift reactions are occurring in the simulated biogas at 
the cell, thereby creating a hydrogen rich environment. 
8.3.2. SOFC Button Cell Heat Production 
The heating coils placed in the cell testing furnace to provide reference cooling 
curves behaved as expected. The higher power heating coil caused the test furnace to 
plateau at a measurably higher temperature then the less powerful coil. Figure 35 






Figure 35: a) Fixed heat-input cooling reference curves for SOFC test system; b) 
ΔT for 0.092W - 0.052W cooling curves; c) Integrated ΔT with fitted thermal 
power 
Figure 35(b) shows the magnitude of the difference between the two curves in (a). 
Integrating the two curves yields the area between them in the units of °C∙h. By 
dividing the difference in heat energy (W∙h) by the area between curves, a 





corresponds to the slope in Figure 35(c). This effective heat capacity of the system 
was used to calculate the heat produced from small-scale SOFC operation.  
 
Figure 36: Measured cooling curves for SOFC test system with different fuel 
compositions 
Figure 36 shows the difference in cooling curves between SOFCs operating on 
hydrogen, methane, or simulated biogas. The cell cooled most slowly while operating 
on hydrogen, followed by simulated biogas, with low-moisture methane operation 
leading to the most cooling before equilibrium was reached. This is in line with the 
expected heat of reaction for the various reactions in each case. The Δhrxn of water 
formation is -246.89 kJ mol-1 at 600°C while the net Δhrxn for the steam reforming of 





are calculated from the molar ratios of the water gas shift reaction and the reaction 
enthalpies of the subsequent oxidation of carbon monoxide and hydrogen[90]. 
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The sum of these reaction energies, with the appropriate molar ratios, yields the 
overall heat of reaction. If some portion of the methane undergoes dry reforming due 
to a lack of steam, the exothermicity of the overall reaction will decrease as more 
energy is required to reform the methane. 
Heat measurements were taken at a higher current for a cell fueled by simulated 
biogas to provide more information on the thermal energy production capabilities of 
biogas-fueled SOFC systems. Figure 4 shows the measured cooling curves of the test 






Figure 37: SOFC test system cooling behavior utilizing simulated biogas fuel at 
different OCV, 0.137A, and 0.31A 
The 0.31A used for the higher current test corresponds to 1 Acm2 current density. The 
measured cooling behavior shows increased current leading to an increased 





form the reference OCV curve by each of the test conditions shown in Figure 36 & 
Figure 37. 
 
Figure 38: Temperature divergence from OCV cooling over time using H2, CH4, 
and Simulated Biogas at multiple currents 
In each case, the operating cells cooled more quickly than the OCV reference for a 
short period at the beginning of the test. This effect is tiny for both measurements at 
the higher cell current (0.31A), but was quite apparent for the lower current (0.137A) 
tests. In the lower current tests, the length of time before the ΔT became positive 
correlates to the relative exothermicity of the fuel reaction. This suggests an 
endothermic process is occurring for a short time when the cell first begins to operate, 





δ in the SOFC anode that occurs when oxygen ions begin to pass through the device 
once the circuit is closed. 
Using the results from the reference experiments shown in Figure 35, the heat 
production of the button-sized SOFCs was calculated from the cooling behavior 
under the various fuel and operating current conditions. These results are summarized 
in Figure 39. 
 
Figure 39: Summarized SOFC button cell heat generation across multiple fuels 
and operating currents 
The trend of greater heat production at higher operating current bore out for both the 





perfectly linear increase in heat with current, which is in agreement with results found 
in literature[83]. 
Cells tested at 0.31A in the 97% CH4 3% H2O fuel composition did not exhibit 
sufficiently stable electrochemical performance for the time required for the cooling 
measurement, so heat production data could not be gathered. This instability was 
likely due to solid carbon deposition on the anode (coking) caused by insufficient 
water content for internal reforming. 
This technique for measuring the heat produced by small-scale SOFCs is a less 
complex method for testing the capability of these devices to generate thermal power 
in addition to electrical power, compared to the testing of large-scale cells or multi-
cell stacks. Button-sized SOFCs are relatively simple to test and require many fewer 
resources in the form of electrical testing equipment and gas transport infrastructure 
in comparison to larger cells. This allows for many different test conditions to be 
explored and more informed choices can be made for which fuel compositions are 
worth testing in larger-scale systems. 
8.3.3. Full-Scale SOFC Heat Production Measurement 
The power used to maintain the SOFC operating temperature of 650°C in a furnace 






Figure 40: Full-scale SOFC test furnace power consumption at cell OCV and 2 
Acm-2 
 
The fluctuation in Figure 40 is due to the duty cycle of the furnace and the sampling 
interval of the power meter. However, by integrating the measured power with 







Figure 41: Total furnace energy consumption over time for cell at OCV and 2 
Acm-2 with 2 Acm-2 theoretical prediction 
The predicted total power usage for operation at 2 Acm-2, calculated from the 
hydrogen oxidation reaction enthalpy and resistive heating, is shown as the black 
dashed line in Figure 41 and is in very close agreement with the measured data for 
that current density. The high accuracy of the predicted heat production of a full-scale 
SOFC, combined with the results from the button cell results shows that scaling this 







8.4. Tri-Generation System Design 
Using the experimental findings and results from button cells and full scale SOFC 
measurements, a SOFC based system suitable for deployment in regions lacking good 
access to utilities was designed. The design approach chosen was to look at each 
product of an operating SOFC stack and attempt to leverage it for the production of 
electricity, clean water, or some other useful resource. 
8.4.1. System Components 
Methane produced from small-scale anaerobic digesters was chosen as a fuel source. 
These digesters are low-cost and constructed using easily available materials such as 
high density polyethylene bags or barrels, and steel piping. Small scale digesters can 
produce up to 500 liters of fuel per cubic meter of digester volume[91]. 
Taking in fuel from connected digesters, the SOFC stacks generate heat and 
electricity. Much of the heat is captured in exhaust gasses or a secondary medium and 
carried into a heat exchanger. This heat is used to warm a stream of feed water from a 
local water source such as a river or well. The hot feed water is passed over the 
DCMD membrane while colder, clean water is flowing on the opposite side. The 
temperature gradient drives evaporation and condensation through the pores, 
increasing the volume of clean water. The excess clean water can be siphoned off and 
combined with the exhaust water from the SOFC system to fill a cistern. The overall 
process flow diagram is shown in Figure 42. Using this design, an intitial charge of 
clean water must be placed in the distillate side of the DCMD unit. This design 





yields electricity, exhaust gasses (primarily CO2), heated waste water, and clean 
distilled water. 
 
8.4.2. Process Flow Diagram 
 
 
Figure 42: Process flow diagram for proposed SOFC tri-generation system 
 
8.4.3. System Model Results 
To model the operation of this system, the performance of cells tested on simulated 
biogas was combined with calculations for water production, heat production results, 
and DCMD operating parameters from literature. The modeled system was comprised 
of 10 stacks of 10 cells each, for a total of 100 cells, with each cell having a 64 cm2 
active area, corresponding to a nominal 10 kW SOFC system. This number of cells 





given electrical current, the electrical power was calculated from the current density-
voltage behavior in Figure 34 (b). Reserving 1 kW of thermal power as the energy 
required to keep the SOFC stacks in the desired operating temperature window, the 
measured heat produced by SOFC operation on biogas was used to determine usable 
thermal power output. The key equations used for calculating system outputs are as 
follows: 
SOFC Stack: 
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Heat Exchanger: 
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DCMD: 
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The operating current in the model was varied, and the resulting electrical power and 






Figure 43: Proposed tri-generation SOFC system electrical and thermal power 
profiles using measured SOFC thermal measurements for hydrogen and 
simulated biogas 
At lower system currents, the ratio of electrical to thermal power is much greater and 
less fuel is consumed. This is the preferred operation region for efficient electrical 
generation. However, at high currents the electrical efficiency decreases and more 
thermal power is produced along with greater fuel consumption. 
The fuel for this system can be provided by on site anaerobic digesters. The fuel 
consumption of the system scales directly with operating current. This volume of fuel 





With the system electric and thermal power data we then determined the system water 
production as a function of current using the process flow diagram in Figure 42. 
Figure 44 shows the relationship between electricity production and clean water 
production assuming 100% of usable heat output goes to distillation. 
 
Figure 44: Clean water production totals for the SOFC stack, DCMD unit, and 
full system, with electrical power generation profile. Water usage benchmarks 
for 50 and 75 person communities in developing nations are indicated 
The water production of the system has two components: the water produced in the 
anode exhaust by direct SOFC fuel conversion; and the water produced by the 
DCMD unit using the SOFC-produced thermal power. The water produced directly 
from hydrogen oxidation in the SOFC unit is linearly dependent on the electrical 





circuit. The SOFC system produces 5.41 L/day per kA of current. The production of 
clean water from the DCMD unit in this design is dependent on the amount of heat 
available to create the temperature gradient across the membrane. The unit produces 
no water at very low system currents because some amount of heat energy must be 
used to maintain the temperature of the SOFC unit. For these calculations, 1 kW was 
used for maintaining this core temperature of 600°C. The water produced from a 
DCMD system depends on membrane area, temperature gradient, and conversion 
efficiency[86]. Table 1 lists the metrics used for the design of the proposed unit. Once 
sufficient excess heat is produced to activate the distillation unit, it produces 29.73 
L/day per kA of current in the SOFC unit. 
Table 1: Proposed DCMD unit specifications 
Membrane Area (m2) ΔT Across Membrane (°C) Conversion Efficiency (%) 
2.19 65 9 
 
This proposed system could provide daily drinking water for a 50 person community 
while operating at less than 50% of its maximum current. By increasing current to 15 
kA, the same population can be provided with water for drinking and cooking. While 
producing water, the system can supply enough electricity for over 100 people based 
on per capita use in some Sub-Saharan nations[92]. 
The size of this modeled system was chosen for ease of transport, but there are no 
strict limits on the size of such a system. Direct contact membrane distillation is also 





heat. If the deployment area can support a sufficient number of anaerobic digesters, 




In addition to electricity production, SOFCs generate heat and water. A method for 
measuring the heat produced by small-scale SOFCs was developed and used to 
evaluate the performance of SOFCs operating on a simulated biogas fuel 
composition. SOFC performance metrics were used to propose a modular system for 
the on-site production of utilities by integrating anaerobic digesters, SOFC stacks, 
and direct contact membrane distillation units. A system centered on a 10 kW SOFC 
generator would be capable of being transported without heavy machinery and could 
produce clean water and electricity for more than 50 individuals. This system could 
operate well in areas in the developing world where clean water access and electricity 
are difficult to obtain but agricultural waste is plentiful. By focusing utility 
development on local, distributed generation many of the vulnerabilities and 
drawbacks of a centralized utility provider. Solid oxide fuel cells are particularly well 
suited to this role. 
The author wishes to thank The Electrochemical Society for funding this study and 










In this work, efforts were made to determine device characteristics that have a 
significant effect on the deployment of anode-supported, gadolinium doped ceria 
(GDC)-based solid oxide fuel cells (SOFCs) as a practical technology. These efforts 
involved the design and construction of a system capable of testing the mechanical 
strength of technical ceramics at elevated temperatures and in variable atmospheric 
composition, the long-term evaluation of SOFC electrochemical stability and 
performance while operating on sulfur-contaminated fuels, and the development of a 
technique for measuring the thermal power production of small-scale SOFCs that is 
less resource intensive than previous SOFC thermal measurement methods. The 
primary goal of these investigations was to better understand the mechanical strength, 
chemical resilience, and heat generation capabilities of these devices, and to then 
intelligently improve or leverage these attributes in order to advance SOFC 
technology toward commercial use. 
To accurately characterize the mechanical strength of SOFC materials and the 
mechanical properties of the devices themselves, simply testing the materials at 
ambient conditions is insufficient. Mechanical properties of materials change 
depending on both the temperature and chemical makeup of the surrounding medium. 
SOFCs operate at elevated temperatures and in contact with reducing gas 
environments, therefore these conditions must be applied to mechanical tests to fully 





was machined and integrated with a purpose-built atmosphere chamber and 
temperature control system. Variable temperature mechanical testing of porous ceria 
bars showed a strong dependence between pore geometry and strength, with spherical 
porosity leading to higher strength. Both SOFC coupons and pressed ceria bars 
displayed greater strength at higher temperatures. There was no statistical difference 
in strength between anode support layers and half-cells composed of anode support 
and electrolyte at a given temperature in air. Half-cells in which NiO was reduced to 
Ni by exposure to H2 at 650°C displayed significant differences in strength when the 
electrolyte layer was subjected to compressive stress as opposed to tensile stress. 
Placing the ceramic electrolyte in compression and the metal-ceramic composite 
anode in tension resulted in the highest strength. 
Poisoning of SOFC anodes is a persistent problem stemming from the use of 
inexpensive nickel catalyst in cells, in combination with the sulfur content in most 
commercially available hydrocarbon fuels. Increasing SOFC tolerance to sulfur is a 
more practical solution than completely scrubbing sulfur from all fuel streams. 
Standard GDC-based SOFCs were operated on mixtures of methane and hydrogen 
containing 20ppm of hydrogen sulfide to determine the rate and nature of damage 
caused by the sulfur concentration found in some natural gas sources. Other SOFCs 
were modified by infiltrating small amounts of GDC in to the anode, creating a fine 
GDC coating throughout the interior of the layer. These cells operated stably for 
hundreds of hours, in contrast to the deactivation experienced by unmodified cells 
within 70 hours. Post-testing analysis of unmodified and infiltrated anodes using 





deactivation caused by sulfur in the unmodified anode lead to a significant secondary 
coking effect. This was not observed in the infiltrated anode, due to the large increase 
in reaction site density created by the GDC infiltration. 
Due to their modularity and fuel flexibility, SOFCs have applications outside of being 
used as a replacement for centralized fossil fuel electricity generation. The products 
of SOFC operation besides electricity are heat and water. Properly leveraged, these 
byproducts could allow SOFCs to act as a source of distributed, renewable utilities for 
communities, especially in developing nations. A method for measuring the thermal 
energy released by lab-scale SOFCs was developed and used to measure the effect of 
different fuel compositions and operating currents on heat production. These data 
were combined with thermal energy production measurements from the operation of a 
production-scale SOFC to calculate the thermal and electrical performance of a multi-
stack SOFC system. The proposed system, centered on a nominal 10 kW SOFC 
generator, fueled by biogas supplied by anaerobic digesters, and incorporating a 
direct contact membrane distillation unit, would provide clean water and electricity to 
over 50 individuals. Recycling of plant, animal, and human waste into useful 
electricity, heat, and clean water on the local level would significantly raise living 
standards in many parts of the developing world. 
The key accomplishments of this work are: the determination of ideal anode pore 
geometry and SOFC orientation for maximum mechanical strength; the development 
and characterization of a simple anode surface treatment for GDC based SOFCs 





the development and application of a simple technique for measuring thermal power 
output of SOFCs, allowing for the design of a modular system capable of generating 
electricity, heat, and clean water.  
The knowledge gained from these studies extends the limits of SOFC application as a 
part of the solution to ever increasing demand for energy, and comprises another step 
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